A full-term pregnancy early in life reduces lifetime risk of developing breast cancer, and the effect can be mimicked in rodents by full-term pregnancy or shortterm treatment with exogenous estrogen and progesterone. To gain insight into the protective mechanism, 15 3-mo-old postpubertal virgin Lewis rats were randomly assigned to three groups: control (C), pregnancy (P), or hormone (H). The P group animals underwent a full-term pregnancy, and H group animals were implanted subcutaneously with silastic capsules filled with ethynyl estradiol and megesterol acetate for 21 days. C and P animals were implanted with sham capsules. On day 21 capsules were removed, which was followed by a 49-day involution period, euthanasia, and mammary tissue collection. Global gene expression was measured using Rat Genome 230.2 Arrays. Histological analysis revealed that P and H treatments induced sustained morphological changes in the mammary gland with significantly increased percentages of mammary parenchyma and stromal tissues and higher ratio of stroma to parenchyma. Transcriptome analysis showed that P and H treatments induced sustained global changes in gene expression in the mammary gland. Analysis of commonly up-and downregulated genes in P and H relative to C treatment showed increased expression of three matrix metallopeptidases (Mmp3, 8, and 12), more differentiated mammary phenotype, enhanced innate and adaptive immunity, and reduced cell proliferation and angiogenic signatures. The sustained morphological and global gene expression changes in mammary tissue after pregnancy and hormone treatment may function together to provide the protective effect against breast cancer. breast cancer protection; hormone; pregnancy BREAST CANCER IS ONE OF THE most common cancers in women and affects nearly 10% of all women in US. In the year 2009, 192,370 new cases of invasive and 62,280 new cases of in situ breast cancer were estimated to have occurred, with 40,170 estimated deaths (3). Various epidemiological studies have revealed that multiple factors including hormones, genetics, reproductive history, radiation, socio-economic status, place of residence, ethnicity, and the environment affect the incidence of breast cancer (9, 19, 28, 29, 50, 51, 60) . It has been shown that full-term pregnancy early in life has a protective effect on women against the risk of breast cancer irrespective of genetic background, age, race, or ethnic background (2, 37, 39, 40, 64, 65, 72) . For instance, Lambe et al. (1996) (39, 40) and Albrektsen et al. (2005) (2) reported that full-term gestation in a woman younger than 24 yr of age reduces her lifetime risk of developing breast cancer, and this parity-induced protection against breast cancer is significantly affected by the total number of pregnancies. The epidemiological data on breastfeeding and breast cancer risk in humans also show that prolonged breast-feeding confers additional protection against breast cancer (17). However, aborted pregnancies are not associated with decreased risk for breast cancer (8).
BREAST CANCER IS ONE OF THE most common cancers in women and affects nearly 10% of all women in US. In the year 2009, 192,370 new cases of invasive and 62,280 new cases of in situ breast cancer were estimated to have occurred, with 40,170 estimated deaths (3) . Various epidemiological studies have revealed that multiple factors including hormones, genetics, reproductive history, radiation, socio-economic status, place of residence, ethnicity, and the environment affect the incidence of breast cancer (9, 19, 28, 29, 50, 51, 60) . It has been shown that full-term pregnancy early in life has a protective effect on women against the risk of breast cancer irrespective of genetic background, age, race, or ethnic background (2, 37, 39, 40, 64, 65, 72) . For instance, (39, 40) and Albrektsen et al. (2005) (2) reported that full-term gestation in a woman younger than 24 yr of age reduces her lifetime risk of developing breast cancer, and this parity-induced protection against breast cancer is significantly affected by the total number of pregnancies. The epidemiological data on breastfeeding and breast cancer risk in humans also show that prolonged breast-feeding confers additional protection against breast cancer (17) . However, aborted pregnancies are not associated with decreased risk for breast cancer (8) .
A similar type of pregnancy protection from breast cancer has also been observed in rodents (67, 74) . In rats, pregnancy alone prior to carcinogen administration and after carcinogen challenge has significantly reduced the incidence and number of palpable carcinomas per rat (74) . Sinha et al. (1988) (67) showed that interrupted pregnancies in rats at 5th, 10th, and 15th days resulted in lower protection against mammary tumor incidence (48, 50, and 45%, respectively) versus 70% in age-matched nonpregnant controls and 14% for full-term pregnancy. The protective effect of pregnancy was also observed to be persistent, indicating a long-lasting alteration in the sensitivity of the mammary gland against tumorigenesis in rat models similar to humans.
An endocrine milieu similar to that of pregnancy can be mimicked by exogenous estrogen and progesterone administration. Reproductive hormones, progesterone and estrogen, are required by the mammary gland for proliferation and secretory differentiation (59) . Progesterone plays key role in alveolar proliferation, and estrogen is involved in ductal development (30) . It has been consistently shown that treatment of rats with both estrogen and progesterone for a short period of time confers significant protection against mammary carcinogenesis, although the studies using either estrogen or progesterone alone yielded contrary results, depending on the dose and length of hormonal treatment (10, 22, 24, 52, 53, 63) . For instance, Grubbs et al. (1985 Grubbs et al. ( , 1988 (22, 23) reported 88 -90% fewer cancers in rats pretreated with 20 g of 17 ␤-estradiol and 4 mg of progesterone or 5 g of estrogen and 4 mg of progesterone for 5 wk. Sivaraman et al. (1998) (68) and Guzman et al. (1999) (24) reported 82 and 96% reductions, respectively, in mammary cancers in rats treated with 20 -30 g of 17 ␤-estradiol and 20 -30 mg of progesterone for 3 wk.
Although rodent experimental data and human epidemiological data consistently show the protective effect of pregnancy and/or exogenous hormones (estrogen plus progesterone) on mammary carcinogenesis, the mechanisms underlying this protection are still largely unclear. The persistent pregnancy-or exogenous hormone-induced mammary gland changes, cellularly and/or biochemically, remain to be delineated. The goal of this study was to identify morphological and transcriptional changes that may be linked to the protective effect of hormones and pregnancy against mammary tumorigenesis.
MATERIALS AND METHODS

Animals
All of the animal work and handling was carried out in accordance with institutional policies and federal guidelines and approved by the University of Vermont Animal Care and Use Committee. Fifteen 3 mo old postpubertal virgin Lewis rats (Charles River) were kept in the University of Vermont small animal care facility. Rats were housed in air-and temperature-controlled cage shelves on a 12 h light-dark cycle and were fed rat chow (RMH 3000, Lab Diet, Scott Distributing) and water ad libitum.
Hormone and Pregnancy Treatments
Rats were randomly assigned to three groups (five rats per group): control (C), pregnancy (P), and hormone treatment (H). The P group animals had a full-term pregnancy (21-23 days) , and rats in the group H were implanted subcutaneously on the dorsal midline with two silastic capsules [(0.078 inch inner diameter, 0.125 inch outer diameter) ϫ 2 cm long; Dow Corning] filled separately with 100 g ethynyl estradiol (Sigma) packed in a cellulose matrix (Sigma) and 30 mg of megesterol acetate (Sigma) for 21 days (63). The control animals had neither the hormone treatment nor pregnancy. The animals in C and P groups were also implanted with sham capsules filled with cellulose matrix only. The capsules were surgically implanted at the beginning of the experiment and removed from all animals after 21 days except that the capsules were removed from the P group following parturition (21-23 days). The delivered pups in the P group were euthanized within 4 -6 h of delivery to avoid suckling. After the removal of capsules all groups were rested a total of ϳ49 days before euthanasia.
Tissue Collection and RNA Isolation
All animals were euthanized during metestrus stage, determined by vaginal cytology as per Nelson et al. (57) and Marcondes et al. (46) . Whole inguinal (4th pair) mammary glands were excised. For the histological analysis of the mammary gland, three or four small pieces (ϳ1 mm 3 ) of mammary tissue were taken from the right inguinal mammary gland and fixed in 10% neutral buffered formalin solution overnight. The fixed mammary tissues from individual rats were paraffin-embedded, sectioned, and stained with hematoxylin and eosin (H&E). Remaining mammary tissue was immediately snap-frozen in liquid nitrogen and stored at Ϫ80°C until RNA isolation. Total RNA was extracted from the mammary tissues with TRIzol reagent (Invitrogen), DNase-treated, and column-purified using Qiagen RNeasy Mini Kit (Qiagen), as per manufacturer's instructions.
Histological Photomicrograph Analysis
H&E-stained mammary sections were examined under an Olympus light microscope (Olympus, Tokyo, Japan) at ϫ100 magnification, and five images of 1,024 ϫ 1,024 pixels with 32-bit per pixel depth were captured per two sections from each rat (for a total of 25 images per treatment). The images were saved in tagged image file format (TIFF) in Image Pro Plus 5.1 (Media Cybernetics, Bethesda, MD), and each image represented a tissue area of 0.0237 mm 2 . Histological measurements were conducted using the free-hand area-of-interest tool to measure area in Image Pro Plus. Total area and areas of fat-pad (adipose tissue), connective tissue stroma (extracellular matrix, connective tissue, and blood vessels), and parenchymal (alveolar and ductal epithelia) tissue in the image were measured. Results are presented as a percentage of total area in the images on average of five photomicrographs per animal. Mean area measured was statistically analyzed among the groups by one-way ANOVA at P Ͻ 0.05 for the significant effect of the treatment.
Measurement of Plasma 17-␤ Estradiol and Progesterone Hormone Levels
Blood samples were collected from tail vein from all the rats on day 0, 2, 7, 14, and 21 of the silastic capsule implantation/pregnancy. Blood was also collected at the time of tissue harvest from the rat hearts in all groups. Plasma was separated, frozen, and assayed for 17-␤ estradiol and progesterone using I 125 -labeled RIA kits (MP Biomedicals).
Target Preparation and Microarray Analysis
Purified mammary gland total RNA was quantified using the Nanodrop spectrophotometer (Thermo Fisher Scientific) and analyzed for the integrity using the Agilent Bioanalyzer 2100 (Agilent Technologies). RNA amplification, fragmentation, and labeling were performed using the Ovation V2 and Encore reagents from NuGEN technologies. The labeled probes were hybridized to the Affymetrix Gene Chip, Rat Genome 230.2 Array for 16 h at 45°C at 60 rpm as per manufacturer's recommendations (n ϭ 5). The arrays were doublestained with streptavidin-phycoerythrin using the Affymetrix 450 Fluidics station and scanned with the Affymetrix 3000-G7 scanner at the Vermont Genetics Network Microarray Core Facility. The microarray data were submitted to Gene Expression Omnibus (GSE32125).
Microarray Data Analysis
Analysis of GeneChip data included: 1) calculation of expression statistics for each probe set in each sample, 2) test of the genome-wide null hypothesis that no treatment effects are observed, 3) ordering of probe sets based on evidence against each of three null hypotheses (see below), and 4) identification of biological functions associated with sets of differentially expressed genes.
Calculation of probe set statistics. Probe statistics were background corrected, normalized, and summarized using the R (62)/Bioconductor (21) aroma.affymetrix package (7) , which implements the Robust Multichip Average statistic of Speed and coworkers (11, 33) . Affymetrix MAS5 presence/absence calls were made using the Bioconductor affy package (20) .
Multivariate analysis. We tested the null hypothesis, that there was no effect of pregnancy or hormone treatment on mammary gene expression, using the Multi-Response Permutation Procedure (MRPP) of Mielke and Berry (54) using 1,000 permutations of sample labels. Principal component analysis was carried out using the R stats package.
Univariate analysis. Genes were ordered based on differential expression statistics associated with three null hypotheses:
where E g is the expression statistic of a probe set in sample group g ʦ{C,P,H}. Genes were ordered using the P value obtained from the moderated t-statistic of Smyth (70) , calculated using the Bioconductor limma package provided by Smyth (69) . Identification of biological functions associated with sets of differentially expressed genes. The Functional Annotation Tool available through the Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/) (31) was used to analyze gene sets significantly differentially expressed in the P and H groups relative to C group for ontological terms [Gene Ontology (GO) terms] (classification stringency ϭ medium).
was performed on ABI PRISM 7900 using TaqMan Assays On Demand Gene Expression Kit (Applied Biosystems) specific for rat Tenascin-C (Tnc; catalog #Rn01454948_m1), B-cell leukemia/lymphoma 11B (Bcl11b; Rn01102259_m1), and housekeeping gene HPRT (Rn01527840_m1). Reactions were performed in duplicate in a 20 l volume containing 10 l Quanta PerfeCTa qPCR SuperMix (Quanta Biosciences, Gaithersburg, MD), 1.0 l Taqman assay, and 1 l diluted cDNA (corresponding to 9 ng of reverse-transcribed total RNA). The relative expressions of Tnc and Bcl11b were normalized by HPRT and calculated by the 2 Ϫ⌬⌬C T method (44) . The statistical significance of relative differences was analyzed using ANOVA with SAS software (SAS Institute, Cary, NC). The difference in the means of mRNA expression between different treatment groups was compared by least significant difference comparison analysis and Bonferroni's adjustments for the multiple comparisons.
Immunohistochemistry
Deparaffinization of the mammary tissue sections was carried out three times with xylene for 15 min at room temperature. The sections were then washed with 100, 95, 70, and 50% ethanol and distilled water, respectively. Antigen retrieval was done using 1ϫ DAKO (Carpinteria, CA) Antigen Retrieval at 96°C for 20 min followed by 20 min cooling down at room temperature in 1ϫ DAKO AR Buffer. Finally the sections were washed three times for 5 min in phosphatebuffered saline (PBS, pH 7.4).
Endogenous peroxidase was blocked by incubating the sections in the Dual Endogenous Block (DAKO #S2003) for 10 min. After being washed three times for 5 min with PBS, sections were exposed to monoclonal primary antibodies (anti-ED1: Hycult biotech, #HM3029; anti-MMP8: Abcam #ab81286) diluted 1:50 (100 g/ml) in PBS with 1.0% bovine serum albumin (BSA, Sigma) at room temperature for 30 min followed by three times 5 min washes in PBS. Sections were exposed separately to DAKO LSAB2 link and LSAB2 streptavidin for 20 min followed by three times 5 min wash in PBS and incubated with 3=-3= diaminobenzidine tetrahydrochloride (DAKO #S2003) solution for 4 min at 25°C followed by three times 5 min washes in distilled water. Sections were then stained with Mayer's hematoxylin for 30 s followed by 2 min rinse in running water and dipped two times in 0.5% lithium carbonate followed by 2 min rinse in running water. Finally, the sections were dehydrated two times for 2 min in 50, 70, 95, and 100% ethanol and xylene, respectively. Stained mammary gland tissue sections were photographed using the BX50 microscope (Olympus America, Center Valley, PA) with an attached QImaging Retiga 2000R Digital Camera (Quantitative Imaging, Surrey, BC, Canada).
Computer-assisted image analysis was performed to quantitate the proportion of ED1 positively stained areas per unit of mammary gland parenchymal and stromal tissue in all experimental animals. A total of 25 images (five per rat) were analyzed per treatment group using MetaMorph image analysis program (Universal Imaging, West Chester, PA). The same Metamorph color thresholding was applied to all the samples. The results are presented as a percentage of ED1 positively stained areas per unit of the measured parenchymal and stromal areas per treatment group. The statistical differences between treatment groups were analyzed by one-way ANOVA.
RESULTS
Blood Levels of Estradiol and Progesterone in Experimental Animals
Blood estradiol and progesterone levels were monitored in experimental period in all animals. Mean plasma estrogen and progesterone levels of control rats did not vary significantly across days of the experimental period and averaged 36.2 Ϯ 18.2 pg/ml and 18.4 Ϯ 13.78 ng/ml, respectively (Fig. 1 ).
Plasma estradiol and progesterone levels in the exogenous hormone-treated animals increased to 74.8 Ϯ 9.6 pg/ml and 47.3 Ϯ 13.8 ng/ml, respectively, by day 2 of the silastic capsule implantation and reached the highest levels at day 14 (114.1 Ϯ 43.3 pg/ml and 127.2 Ϯ 26.1 ng/ml, respectively). The hormonal profiles during hormone treatment period in the exogenous hormone treatment group were similar to those of the pregnancy animals, except for a sharp estrogen hike in the P group at day 21 ( Fig. 1 ).
Pregnancy and Hormone Treatments Induced Sustained Morphological Changes in the Mammary Gland
After 49 days of involution following the termination of pregnancy or exogenous hormone treatment, the mammary gland morphology of rats in the H and P groups appeared distinctly different from that of the control animals ( Fig. 2A) . Total area and total areas of fat-pad (adipose tissue), connective tissue stroma, and parenchymal (epithelial) tissue were measured to determine if there was a difference in distribution of tissue types among the treatments (Fig. 2B, Table 1 ). The percentages of connective tissue stroma and parenchymal tissue were significantly greater in P (21.35% Ϯ 0.088 and 4.27% Ϯ 0.03, respectively) and H (16.91% Ϯ 0.43 and 3.79% Ϯ 0.027) groups compared with C group (11.22% Ϯ 0.027 and 3.12% Ϯ 0.034) (P Ͻ 0.05). Control rats had significantly higher percent PREGNANCY PROTECTION OF BREAST CANCER area of adipose tissue in the mammary gland than the other two treatments (P Ͻ 0.05). The ratio of the parenchyma to connective tissue stroma was significantly lower in animals that underwent with pregnancy or hormone treatment (0.2 and 0.224 vs. 0.278) (P Ͻ 0.05). These changes were significantly greater in P group animals compared with the H group animals (P Ͻ 0.05). Thus, our data showed that pregnancy and hormone treatment induced sustained and similar morphological changes in the rat mammary gland.
Pregnancy and Hormone Treatments Induced Sustained Gene Expression Changes in the Mammary Gland
Microarray analysis was used to examine global gene expression changes in rat mammary glands after 49 days of involution following a full term of pregnancy or exogenous hormone treatment. Our analysis indicates that pregnancy or hormone treatment resulted in a statistically significant changes in mammary gland gene expression genome wide (P ϭ 0.03, MRPP test). The principal component plot analysis showed that the gene expression distances between control animals (C) and treated animals (P, H) were large compared with that between pregnant and hormone-treated animals (mean and range) (Fig. 3) and suggested that transcriptional changes due to exposure to pregnancy or hormone treatment may be common between these treatments. A: histological changes of the mammary gland of rats at day 49 after a full-term pregnancy (P) or exogenous hormone treatment (H) compared with the control (C) rats (scale bars ϭ 100 m). Each photomicrograph was randomly selected from an individual animal within the group. B: histological analyses of a mammary gland section using the free-hand area-of-interest (AOI) tool of Image Pro Plus for the areas of parenchyma (ii) or the areas of both parenchymal and stromal tissues (iii). i, The section of ii and iii without using the AOI tool. 
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Common Genes that were Sustainably Up-or Downregulated in the Mammary Gland After Either Pregnancy or Hormone Treatment and Their Ontological Classifications
Microarray analysis revealed a total of 812 (476 up and 336 down) and 1,024 (245 up and 779 down) differentially expressed genes (fold change Ն 1.4 and P Ͻ 0.05, the latter associated with a false discovery rate of 0.21), respectively, in the mammary gland at 49 days after either a full-term pregnancy or 21 days of hormone treatment compared with nonpregnancy and nonhormone treatment control animals (Fig. 4 ). Of these differentially changed genes, 243 genes were either up-(87) or down (156)-regulated in both P and H groups, representing 30 and 24% differentially expressed gene in P and H group, respectively (Fig. 4) .
The top upregulated genes in the mammary gland common to both treatment animals were immunoglobulin heavy chain (alpha polypeptide) (Igha), fatty acid binding protein 3 (Fabp3), WAP four-disulfide core domain 3 (Wfdcd3), two milk protein genes (␤-casein and whey acidic protein), and three matrix metallopeptidases (MMP12, 8, and 3). Other notable commonly upregulated genes included the transcription factor CCAAT/enhancer binding protein, alpha (C/EBP␣), leptin, growth hormone receptor, metallothionein 1E&F (Mt1E&F), and G0/G1 switch gene 2 (G0s2). The top downregulated genes in both treatment animals were Bcl11B, brain and acute leukemia, cytoplasmic (Baalc), glutamate receptor, ionotropic, AMPA3 (Bria3), plasticity-related gene 1 (Prg1), and Tnc. Other noticeable common downregulated genes include cyclin D2; growth arrest and DNA-damage-inducible 45 beta (GADD45B); phosphoinositide-3-kinase, class 2, beta polypeptide (C2-PI3K); and ret proto-oncogene (RET).
The sets of common up-and downregulated genes were sorted by ontology using DAVID. The ontological analysis revealed distinct differences in the molecular signatures for the up-or downregulated genes common amongst treatment groups (Tables 2 and 3 ). Top ontology terms (GO) assigned to common upregulated genes were extracellular region, peptidase/MMP, response to organic substance, plasma membrane part and signal ( Table 2 ). Approximately 29% (46 of 157) commonly downregulated genes were not annotated. Top ontologies assigned to the annotated commonly downregulated genes were ATP/adenyl ribonucleotide binding, chromosome organization, and protein localization (Table 3) .
Ontological Classifications of Genes that were Sustainably Up-and Downregulated in the Mammary Gland After Either a Full-term Pregnancy or Exogenous Hormone Treatment
Surprisingly, except the GO terms shared by commonly regulated genes in both treatment animals, ontological classifications of the up-or downregulated genes in P or H group revealed very different GO terms enriched in the mammary gland of these two groups of animals. There were more upregulated genes in the P animals (476 in P group vs. 245 in H group), while there were more downregulated genes in the H animals (336 in P group vs. 779 in H group). The functional annotation clustering of upregulated genes in the P group showed major GO terms in lipid biosynthesis process, responses to nutrient, hormonal stimulus, hypoxia and wounding, glucose metabolic process, cell fraction, protein dimerization activity, regulation of phosphorylation, regulation of lipid metabolic process, extracellular region, skeletal system development, lung development, membrane organization, and ion homeostasis, while the functional annotation clustering of upregulated genes in the H group showed only a few clusters with significant enrichment scores in transmembrane, transmembrane protein, O-acyltransferase activity, and extracellular region. The functional annotation clustering of downregulated genes in the P group showed only three GO term clusters in extracellular region/matrix (mainly collagens) and cell adhesion with enrichment scores of Ͼ2. However, analysis of downregulated genes in the H group showed significant enriched GO term clusters in lymphocyte differentiation, regulation of leukocyte activation, positive regulation of immune response, plasma membrane part, GTPase regulator activity, Src homology-3 domain, Bromodomain, cytokine, regulation of cytokine production, phosphorylation, regulation of programmed cell death, cell morphogenesis, and cytoskeleton organization.
Quantitative Real-time PCR Analysis of Tnc and Bcl11b
Real-time qRT-PCR analysis of Bcl11b and Tnc in rat mammary glands was consistent with the results of our microarray analysis. The mRNA expression of Bcl11b in the involuted mammary gland of pregnancy and hormone-treated rats was six (P ϭ 0.07)-and eight (P Ͻ 0.01)-fold lower than that of the control rats in qRT-PCR analysis, respectively (Fig. 5A) , and the mRNA expression of Tnc in the pregnancyand hormone-treated rats was 12-and 11-fold lower than the control rats, respectively (P Ͻ 0.05) (Fig. 5B ). There were no statistical differences in Bcl11b and Tnc mRNA expression between pregnancy and hormone treatment animals.
Immunological Staining of MMP8 and the Macrophage Marker ED1 in Rat Mammary Gland
Consistent with our microarray analysis, immunohistochemical staining showed stronger MMP8 staining in rat mammary gland after 49 days of involution following either a full-term pregnancy or exogenous hormone treatment compared with the control animals (Fig. 6A, right panels) . The MMP8 was mainly expressed in the epithelial cells of the mammary gland. In addition, immunohistochemical staining of ED1, a cellular marker specific for activated rat microglia, monocytes, and macrophages, also showed that the involuted mammary gland had more microglia, monocytes, and macrophages in the pa- Abbreviations are defined in Table 1 footnote.
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PREGNANCY PROTECTION OF BREAST CANCER renchyma and connective tissue stroma compared with the control rats (Fig. 6A, left panels) , as the mean percentages of ED1-positive areas per unit of parenchymal and connective tissue stroma in the pregnancy and hormone treatment animals were six-to eightfold higher than the control animals by a semiobjective image analysis (P Ͻ 0.01) (Fig. 6B ).
DISCUSSION
It is well established that a full-term pregnancy in women and rodent animals or treatment of rodents with exogenous progesterone and estrogen for 21 days can induce significant protection of the mammary gland from tumorigenesis (52) . In this study, our objectives were to identify the sustained pregnancy-or hormone-induced mammary gland changes that may contribute to this protective effect. We examined the morphological and gene expression changes in whole mammary gland of rats 49 days after a full-term pregnancy or exogenous progesterone and estrogen treatment. The levels of blood estrogen and progesterone in experimental animals during the exogenous hormone treatment matched well with the hormonal profiles of pregnancy animals and were in the range of other exogenous hormone treatment studies in which significant protections of the mammary gland from tumorigenesis were observed (24, 63) .
There were distinct morphological differences between control mammary glands and after the 49-day involution period following a full-term pregnancy or exogenous hormone treatment. Glands from rats that were treated with exogenous hormones or that had undergone full-term pregnancy had significantly more percent areas of connective tissue stroma and parenchyma tissue, while the adipose tissue area was decreased. Stroma area of extracellular matrix and connective tissue increased 90 and 51% in the pregnancy and hormone treatment rats, respectively. Increased connective tissue stroma and parenchyma tissue percent areas in the mammary gland seem contradictory to the decreased rate of mammary tumorigenesis in animals exposed to these treatments, as high breast density, which is determined by the amount of parenchyma and connective tissue stroma, is a risk factor for developing breast cancer (13) . However, our study showed that the pregnancy and hormone treatment not only increased the total percent areas of parenchyma and connective tissue stroma but also significantly reduced the ratios of parenchyma to connective tissue stroma in the mammary gland. While breast cancer is an epithelial cell phenomenon, more and more evidence has shown that the microenvironment and surrounding connective tissue stroma provide important role in directing epithelial phenotype in mammary development and cancer (14, 61) . Pregnancy and exogenous hormone treatment may remodel the extracellular matrix to create a microenvironment that is inhibitory to cancer cell progression.
In addition to the morphological changes, the involuted mammary gland also showed sustained genome-wide gene expression changes after pregnancy and exogenous hormone treatment. Some of these expression changes were very likely linked to the morphological differences among the treatments, in particular the distribution in amounts of epithelial, stromal, and adipose tissues in mammary glands. However, Ͼ70% of genes with significantly altered expression from controls were unique to each of the treatment groups, and GO term analysis of these genes revealed few shared GO terms between the two groups. Thus, it appears that the majority of the gene expression changes in the two groups mainly resulted from the sustained expression changes in the same cell types, rather than from the differences in distribution of tissue types, as the two treatments induced similar types of morphological changes although the degrees of the changes were different.
There were 30 and 24% of genes that were significantly upor downregulated in both P and H groups, respectively. Transcriptional changes in these genes likely contribute to the protective effect against mammary tumorigenesis that occurs in both groups of animals (52) . GO enrichment analysis revealed that genes commonly upregulated in both groups were mainly related to extracellular region, MMP, and plasma membrane part, consistent with the morphological changes of increased stromal tissues observed in two groups. Among the upregulated genes were three MMPs (MMP3, 8, and 12). Increased expression of MMP8 protein in the mammary epithelial cells after pregnancy and hormone treatment was confirmed by our immunohistochemical staining. MMPs are a group of zincdependent endopeptidases that are able to degrade the main protein components of extracellular matrix and basement membranes. Because of this role, the MMPs have long been considered to help tumor cells to migrate, invade, and spread (12) . However, most clinical trials with MMP inhibitors have shown negative results in cancer treatment, and there is emerging evidence to support a protective role of some MMPs in tumor progression (16, 45) . Transgenic mice deficient in MMP3 have an increased sensitivity to the development of squamous cell carcinoma, and keratinocyte expression of MMP3 prevents tumor establishment (48, 49) . Similarly, MMP8-null mice have an increased incidence of skin tumors, and neutrophil-derived MMP8 can sufficiently rescue the increased tumorigenesis in MMP8-deficient mice (4). In addition, experimental manipulation of MMP8 expression has shown an inverse correlation of MMP8 expression levels with metastatic potential of breast cancer cells (55) . The presence of MMP8 correlates with a lower incidence of metastasis, and a high-expression allele of the MMP8 gene is associated with lower susceptibility to metastasis in human breast carcinomas (18) . A protective role of the MMP12 was also seen in lung tumor growth (1) . These findings strongly support the notion that increased expression of MMP3, 8, and 12 in pregnancy and hormone treatment rats observed in our study may play an important role in the protective effect against mammary tumorigenesis in these animals. Consistent with this hypothesis, Casey et al. (2008) (15) showed higher expression of MMP3 in the normal breast fibroblasts compared with fibroblasts isolated from breast cancers.
Two milk protein genes, ␤-casein and whey acidic protein, are highly upregulated in both pregnancy and hormone treatment rats, consistent with more alveolar structures appeared in these animals in our histology staining and with the observation by Uehara et al. (2006) (71) . This indicates that even after 49 days of involution following pregnancy or exogenous hormone treatment, the mammary glands still retain significant amounts of differentiated epithelial cells. Russo et al. (65, 66) proposed that the mammary differentiation status is a key inhibitor of cancer initiation. They postulated that breasts of nulliparous women contain undifferentiated cells that are susceptible to neoplastic transformation, while the epithelial cell population present in breasts of parous women acquires "genomic signature" changes and becomes more differentiated during early pregnancy, making it refractory to transformation. Our results in this study support this hypothesis.
The top commonly upregulated gene in both treatment rats was immunoglobulin heavy chain (alpha polypeptide). This may indicate an enhanced immunity in these animals. Supporting this notion is also the common upregulation of MMP12, triggering receptor expressed on myeloid cells 2 (TREM2), glycoprotein 49b (GP49B), chemokine ligand 9 (CCL9), CCAAT/enhancer binding protein alpha (C/EBP␣), macrophage scavenger receptor 2 (MSR2), tumor necrosis factor (ligand) superfamily member 13 (TNFSF13), immunoreceptor Ly49si3, and metallothionein 1a (MT1a). MMP12 is a macrophage metalloelastase. TREM2 is a key regulator in chronic inflammation by stimulating the production of constitutive inflammatory cytokines (73) . GP49B is a member of the immunoglobulin superfamily and has a regulatory role in T-cell priming (36) . CCL9 is an interferon-␥-inducible ␤-chemokine and has shown potent antitumor activity through attraction of cytotoxic T lymphocytes and inhibition of angiogenesis (32, 56) . The C/EBP␣ is required for the maintenance of CCL9 in transformation of hematopoietic cells by the BCR/ABL oncogene (32) . TNFSF13 plays an important role in B cell development (58) . Metallothionein is implicated in heavy metal detoxification and oxidative stress (35) . Thus, increased expression of these genes in pregnancy and hormone treatment animals may suggest enhanced innate and adaptive immunities in these animals. In fact, our immunochemical staining of the ED1, a common cellular marker specific for activated rat microglia, monocytes, and macrophages, showed that the involuted mammary glands had increased these immune cells compared with the control glands, consistent with the discoveries of Zhao et al. (2010) (75).
About 29% of the commonly downregulated genes were not annotated, indicating that the functions of a big portion of genes in this group are unknown in contrast to the commonly upregulated genes. GO enrichment analysis of the annotated genes revealed significant downregulation of genes involved in ATP binding, chromosome organization, and protein localization in postinvolution mammary gland's transcriptome of pregnancy and hormone treatment rats. Genes enriching the ATP binding GO term included several kinases: protein kinase D2 (PKD2), phosphoinositide-3-kinase, class 2, beta polypeptide (PI3Kbeta), RET, nemo-like kinase (NLK), and mitogen activated protein kinase kinase kinase kinase 2 (MAP4K2). Both protein kinase D (PKD) and PI3Kbeta regulate DNA synthesis and replication (47) , and PKD2 has been found to be a pivotal regulator of endothelial cell proliferation, migration, and angiogenesis (27) . RET encodes a receptor tyrosine kinase that is implicated in the development of endocrine tumors (38) . As MAP4K2, NLK is also a mitogen-activated protein kinase (MAPK)-like kinase and suppresses Notch signaling (34) . The Notch and MAPK signaling have crucial functions in determining cell fates and in regulation of cell growth, differentiation, and stress responses. Thus, downregulation of PKD2, PI3Kbeta, RET, NLK, and MAP4K2 may imply a decreased cell growth and proliferation and angiogenesis in the involuted mammary gland. Consistently, cyclin D2 and polymerase (DNA directed), were also downregulated in these animals.
Consistent with this transcriptional signature changes was the downregulated expression of genes in chromosome organization in the involuted mammary gland. These genes include chromodomain helicase DNA binding proteins 2 and 3 (CHD2 and CHD3). The CHD proteins are known to modulate gene transcription by remodeling chromatin and changing histone deacetylation (25) .
The top downregulated genes in both treatment rats were Bcl11b (verified by qRT-PCR analysis) and brain and acute leukemia, cytoplasmic (Baalc). Both genes have shown critical roles in lymphocyte development. Bcl11b is T-cell specific and is essential for T-cell development and for maintenance of T-cell integrity (41) (42) (43) . It has been shown that when Bcl11b is deleted, T cells from all developmental stages acquire properties of NK cells and are able to kill tumor cells in vitro Fig. 7 . Schematic diagram of proposed physiological changes and associated expression changes of key genes in the involuted mammary gland following a full-term pregnancy and exogenous estrogen and progesterone treatment that may contribute to the protection of mammary tumorigenesis. and effectively prevent tumor metastasis in vivo (42) . Baalc is a marker of early hematopoietic progenitor cells, and overexpression of Baalc is an adverse prognostic factor in adults with acute myeloid leukemia and T cell-acute lymphoblastic leukemia (5, 6) . Thus, downregulation of Bcl11b and Baalc is consistent with enhanced immunity in the involuted mammary gland discussed above. In addition, another highly downregulated gene is Tnc (verified by qRT-PCR analysis). Tnc is an extracellular matrix glycoprotein and has been implicated in the modulation of cell migration, proliferation, invasion, and angiogenesis. Tnc has been shown to promote breast cancer cell invasion and growth (26) . A downregulation of Tnc is consistent with remodeling of extracellular matrix in the involuted mammary gland observed in our study. In addition, it is worth mentioning that several oncogenes were downregulated in the involuted mammary gland, including v-raf murine sarcoma 3611 viral oncogene homolog (Araf), Vav2 oncogene, RET, and Wnt2.
In summary, the results from our study showed that the involuted mammary gland following a full-term pregnancy or exogenous estrogen and progesterone treatment retains a high ratio of connective tissue stroma to parenchyma tissue and acquires genome-wide gene expression changes. The gene expression profiling indicated that the involuted mammary gland has remodeled extracellular matrix with increased expression of MMPs and decreased expression of Tnc, more differentiated mammary epithelial cells, enhanced innate and adaptive immunity, reduced cell proliferation and angiogenesis by modulating kinases and phosphatases, and reduced expression of pro-oncogenes (Fig. 7) . These changes may all contribute to the parity/hormone-induced protection of breast cancer.
